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Abstract
Introduction Consequences of lung recruitment with prolonged
high positive end-expiratory pressure (PEEP) ventilation for liver
function are unclear. We therefore investigated liver dysfunction
during two different ventilation treatment regimens of
experimental acute respiratory distress syndrome.
Methods Sixteen anaesthetised juvenile pietrain pigs were
ventilated in the pressure-controlled mode (PCV) with an
inspiratory fraction of oxygen (FiO2) of 1.0, a respiratory
frequency of 30 per minute, a tidal volume of 6 ml/kg, and a
PEEP of 5 cm H2O. After lung injury was induced by repeated
pulmonary lavage with normal saline, animals were randomly
assigned into two groups (n = 8 each) for a 24-hour trial: PCV
(unchanged ventilation) and PCV with recruitment (PCV+R)
(starting with a sustained inflation of 50 cm H2O for 1 minute,
the ventilation was continued while increasing PEEP in
increments of 3 cm H2O every 15 minutes as long as arterial
oxygen tension [PaO2] improved). After recruitment, FiO2 was
reduced to 0.4 and the PEEP was lowered every 15 minutes
until PaO2 decreased to 12.0 to 14.7 kPa (90 to 110 torr).
Serum levels of hyaluronic acid (HA), routine liver serum
markers, and plasma disappearance rate of indocyanine green
(ICG) were tested before and after lung injury, and 6 and 18
hours after randomisation. Liver serum markers were also tested
at 24 hours. Paraffin sections of liver tissue stained by
haematoxylin and eosin were made after euthanisation.
Results The PCV+R group exhibited more polymorphonuclear
neutrophils and lymphocytes in the liver sinusoids: median score
(interquartile range) of 1.5 (1.4 to 1.5) compared to 0.9 (0.7 to
1.1) (p = 0.01). Elevation of bilirubin, aspartate
aminotransferase, and lactate dehydrogenase was more
prominent in the PCV+R group. Plasma disappearance rate of
ICG indicated no liver dysfunction. HA levels in the PCV+R
group gradually increased and were significantly higher (p <
0.001) at 6 and 18 hours with 59 (57 to 64) and 75 (66 to 84)
ng/ml, respectively, than in the PCV group with 34 (32 to 48)
and 41 (38 to 42) ng/ml, respectively.
Conclusion The PCV+R group showed a more prominent
inflammatory reaction in their liver sinusoids accompanied by
increased serum levels of liver enzymes and HA. Therefore,
recruitment with higher PEEP levels for treatment of respiratory
failure might lead to liver dysfunction.Page 1 of 10
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ALT = alanine aminotransferase; AP = alkaline phosphatase; ARDS = Acute respiratory distress syndrome; AST = aspartate aminotransferase; ChE 
= cholinesterase; FiO2 = inspiratory fraction of oxygen; GGT = γ-glutamyltransferase; HA = hyaluronic acid; hpf = high-power fields; ICG = indocy-
anine green; LDH = lactate dehydrogenase; PaCO2 = arterial carbon dioxide tension; PaO2 = arterial oxygen tension; PCV = pressure-controlled 
ventilation; PCV+R = pressure-controlled ventilation with recruitment manoeuvre; PEEP = positive end-expiratory pressure; T6 h, time point 6 hours 
after randomisation; T12 h, time point 12 hours after randomisation; T18 h, time point 18 hours after randomisation; T24 h, time point 24 hours after ran-
domisation; TALI, time point after lung injury; Tbaseline, baseline time point.
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Most patients with acute respiratory distress syndrome
(ARDS) die not from hypoxaemia but from multiple organ fail-
ure [1]. Protective ventilation strategies using low tidal
volumes do not necessarily improve oxygenation immediately
but ultimately increase survival [2]. Accordingly, multiple organ
failure may be a consequence not only of the underlying dis-
ease or ARDS itself but of the mode of artificial ventilation
applied [3].
Recruitment manoeuvres and high levels of positive end-expir-
atory pressure (PEEP) are expected to ameliorate the
biotrauma of the lung by preventing repetitive collapse and
reopening atelectatic lung regions. However, the addition of
higher PEEP levels to low tidal volume ventilation had no influ-
ence on survival in ARDS despite better oxygenation [4]. High
PEEP levels reduce hepatic venous outflow [5] and splanch-
nic oxygen content difference [6]. Therefore, ventilation regi-
mens using high airway pressure affect liver function, and this
may have consequences for the clinical outcome of patients.
Several tests are capable of detecting different aspects of liver
damage or impaired liver function. Besides measurements of
liver cell enzyme plasma levels and histopathologic examina-
tion (which are used routinely), functional liver tests like plasma
clearance of indocyanine green (ICG) are available. Increased
plasma levels of hyaluronic acid (HA) are markers of acute [7]
and chronic [8] liver damage. HA is produced in connective
tissue cells found all over the body and is a component of the
extracellular matrix [9]. A hallmark of tissue injury is increased
turnover of HA. Small-molecular weight fragments of HA pro-
duced during systemic inflammation have been shown to acti-
vate dendritic cells and macrophages through nuclear factor-
κB signaling [10]. Additionally, it has been shown recently that
high-molecular weight HA provides a protective signal to lung
epithelial cells during acute lung injury [11]. Thus, HA seems
to play a double-edged role during inflammatory lung injury
[12]. HA that reaches the systemic circulation is incorporated
mainly by liver sinusoidal endothelial cells via a receptor-medi-
ated mechanism [13,14]. Therefore, increase of plasma HA is
now increasingly used as an indicator of liver sinusoidal
endothelial cell dysfunction. It was shown recently that the
inflammatory reaction in liver sinusoids, induced by bilateral
hindlimb ischaemia reperfusion, was accompanied by an
increase in plasma HA levels [15].
We proposed that pronounced high-pressure ventilation for
treatment of experimental ARDS might induce liver damage.
The diagnostic value of established methods to detect liver
injury in this setting is unclear. Therefore, we chose two venti-
latory strategies for using lung-protective pressure-controlled
ventilation (PCV) with low tidal volumes. But in one group, a
recruitment strategy was used (PCV+R): The lung was
opened by a recruitment manoeuvre with initial sustained infla-
tion and incremental PEEP trial achieving maximal oxygenation
followed by reduction of the inspiratory fraction of oxygen
(FiO2) and decrease of PEEP as long as arterial oxygen ten-
sion (PaO2) remained more than 12.0 kPa (90 torr). We per-
formed serial measurements of liver tests in a 24-hour




This study was conducted according to the German Animal
Protection Act and was approved by the Laboratory Animal
Care and Use Committee of the District of Unterfranken, Ger-
many. Sixteen juvenile female pietrain pigs with body weight ±
standard deviation of 53.2 ± 4.5 kg were fasted for 24 hours
without limiting water access. After intramuscular sedation
with 1 mg/kg (body weight) xylazine, 10 mg/kg S-ketamine,
and 25 μg/kg atropine, peripheral venous access was
obtained via an ear vein. Pigs were placed in a supine position,
and anaesthesia was induced with 10 mg/kg thiopental.
Endotracheal intubation was performed with a cuffed 8.5-mm
inner-diameter endotracheal tube with an additional pressure
measurement lumen ending at the tip of the tube (Rüschelit®,
Rüsch AG, Kernen, Germany). PCV was performed with a
Servo® 900C ventilator (Siemens-Elema AB, Solna, Sweden).
PEEP was set to 5 cm H2O and the peak inspiratory pressure
was adjusted to achieve tidal volumes of 6 ml/kg body weight
with a frequency of 30 per minute. FiO2 was 1.0 and inspira-
tory-to-expiratory time ratio was set to 1:1. Anaesthesia was
maintained with thiopental (5 to 10 mg/kg per hour), fentanyl
(10 μg/kg per hour), and pancuronium bromide (0.1 mg/kg per
hour). Adequate hydration was maintained by continuous infu-
sion of 4 ml/kg lactated balanced electrolyte solution through-
out the experiment. Cefazoline (100 mg/kg) was administered
intravenously every eight hours for prophylaxis of bacterial
infection.
The left carotid artery of each pig was cannulated with an arte-
rial catheter (Vygon, Ecouen, France), and a percutaneous
introducer sheath (Arrow International, Inc., Reading, PA,
USA) was inserted into the right internal jugular vein. A urinary
bladder catheter was placed transcutaneously. All punctures
were performed under ultrasonic guidance (SonoSite180
Plus®; SonoSite, Inc., Bothell, WA, USA). A pulmonary artery
catheter (831F75; Edwards Lifesciences LLC, Irvine, CA,
USA) was introduced under transduced pressure guidance
through the sheath.
Experimental protocol
After a 30-minute stabilisation period, baseline measurements
(Tbaseline) were done. Lung injury was performed by repeated
lavage (30 ml/kg) with prewarmed 38°C sterile 0.9% saline
solution through the endotracheal tube for surfactant washout.
Lavage fluid ran out passively and ventilation was continued
applying PCV with 6 ml/kg tidal volume by adjusting the inspir-Page 2 of 10
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minutes until PaO2 was less than 8.0 kPa (60 torr). Additional
lavages were performed until PaO2 remained less than 8.0 kPa
for at least one hour. Then, measurements were performed
(TALI) and each animal was randomly assigned to the PCV or
the PCV+R group.
In the PCV group, ventilator settings remained unchanged
throughout the 24-hour trial, except for the peak inspiratory
pressure, which was adjusted throughout the experiment to
maintain a tidal volume of 6 ml/kg. In the PCV+R group, a
recruitment manoeuvre was performed after infusion of 500 ml
of colloid solution (Voluven 6% HES 130/0.4; Fresenius Kabi
AG, Bad Homburg, Germany). During the experiment, addi-
tional colloid solution was given in both groups if critical hypo-
tension responding to volume replacement occurred.
Sustained inflation of the lungs was performed applying 50 cm
H2O for one minute or until severe compromise of blood pres-
sure occurred. Afterward, ventilation was continued with a
PEEP of 8 cm H2O. After an equilibration phase of 15 minutes,
arterial blood gases were drawn and PEEP was increased in
increments of 3 mm H2O every 15 minutes until PaO2 did not
increase any more or until it decreased. Respiratory rate was
adjusted up to 40 per minute if arterial carbon dioxide tension
(PaCO2) increased to more than 6.0 kPa (45 torr) and no auto-
PEEP of more than 1 cm H2O developed. After the maximum
PaO2 was reached, the PEEP was reduced stepwise by 3 cm
H2O and FiO2 was decreased stepwise to 0.4 until PaO2
remained stable within 12.0 to 14.7 kPa (90 to 110 torr). A
repeated sustained inflation and PEEP enhancement by 3 cm
H2O was performed whenever PaO2 decreased to less than
12.0 kPa.
Measurements
Arterial and pulmonary artery catheter pressures were meas-
ured via pressure transducers (Exadyn-Combitrans® Monitor-
ing-Set; B. Braun Melsungen AG, Melsungen, Germany)
zeroed at the mid-thorax level. Vascular pressures and electro-
cardiography were shown on a Servomed® monitor (Hellige,
Freiburg, Germany). Blood gases were analysed with an ABL
505 (Radiometer A/S, Brønshøj, Denmark). Cardiac output
was measured as the mean of three measurements after inject-
ing a bolus of 10 ml of ice-cold saline (Explorer®; Edwards
Lifesciences LLC) randomly during different phases of the res-
piratory cycle. The core temperature, measured by the pulmo-
nary artery catheter, was maintained at 38°C by regulating a
heating pad. Airway pressures at the tip of the tube, capnog-
raphy, and peripheral oxygen saturation were measured with a
PM 8050 monitor (Dräger, Lübeck, Germany). Liver function
was determined by the non-invasive ICG plasma clearance
method (LiMON; PULSION Medical Systems AG, Munich,
Germany) after injection of 0.25 mg/kg of ICG (ICG-PUL-
SION®; PULSION Medical Systems AG) into the right atrium
at Tbaseline, TALI, T6 h (time point six hours after randomisation),
and T18 h.
At Tbaseline, TALI, T6 h, T18 h, and T24 h, serum samples were
drawn for immediate determination of aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT), γ-glutamyltrans-
ferase (GGT), lactate dehydrogenase (LDH), alkaline
phosphatase (AP), cholinesterase (ChE), total bilirubin, direct
bilirubin, and lactate in the central clinical laboratory by using
routine methods.
HA assay
HA levels were determined out of serum samples drawn at
Tbaseline, TALI, T6 h, and T18 h. A standard enzyme linked protein-
binding assay kit (Corgenix Medical Corporation, Broomfield,
CO, USA) was used according to the manufacturer's instruc-
tions. Wells coated with HA-binding protein were incubated
with serum samples diluted in reaction buffer for one hour and
were then discarded. The wells were washed four times and a
chromogenic substrate was added. Coloured reaction was
stopped after 30 minutes by addition of sulphuric acid (0.36
N). An enzyme-linked immunosorbent assay reader (Sunrise;
Tecan, Männedorf, Switzerland) measured the colour intensity
at 450 nm. The concentration of the samples was calculated
using a standard curve. Samples were run in triplicate and
assay analysis was blinded.
Liver histopathology
At the end of the experiment, 24 hours after randomisation (T24
h), the animals were euthanised by an overdose of thiopental
and T61 (Intervet Deutschland GmbH, Unterschleißheim, Ger-
many). Tissue samples of the left medial lobe of the liver,
approximately 4 cm proximal from the edge, were taken and
fixed in 10% formaldehyde solution. Samples were embedded
in paraffin blocks. Slides were stained with haematoxylin and
eosin. Two independent investigators, blinded to the group
assignment, graded five histological lobules of every animal's
liver. The extent of necrosis, haemorrhage, portal inflammation,
and sinusoidal inflammation was separately graded as 0 (not
present), 1 (less than or equal to 20% of the lobulus), 2 (more
than 20% to less than or equal to 50%), or 3 (more than 50%).
Mean scores of the grading of a total of 10 lobules were cal-
culated for each animal. Additionally, 10 random high-power
fields (hpf) out of the entire sinusoidal area, excluding septal
parts or parts of the central vein, were examined in each ani-
mal. Polymorphonuclear neutrophils and lymphocytes were
counted and expressed as the median number of cells per
high-power fields.
Statistical analysis
Because normal distribution was not satisfying for the data in
all variables, data were shown as median with interquartile
range (25% and 75% percentiles) and non-parametric tests
were performed. SigmaStat for Windows version 2.03 (Systat
Software, Inc., San Jose, CA, USA) was used for statistical
analysis. Mann-Whitney rank sum test was used to compare
data of the two groups. For comparison of a number of time
points in either group, Friedman repeated measures analysisPage 3 of 10
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cedures (Student-Newman-Keuls method) was used. Agree-
ment of results in histopathological examinations between
investigators was tested with Spearman rank order correla-
tion. A p value of less than 0.05 was considered as significant.
Results
The number of saline lavages needed to induce lung injury was
the same for the two groups: median of 17 (range 12 to 29)
for the PCV group and median of 18 (range 26 to 14) for the
PCV+R group. The course of the mean airway pressure for
both study groups is shown in Figure 1. Recruitment with sus-
tained inflation and stepwise PEEP increase was sustained in
all animals of the PCV+R group without critical haemodynamic
compromise, but cardiac output decreased from 6.8 (5.4 to
8.1) l/min at a PEEP of 5 cm H2O to 3.6 (3.2 to 3.8) l/min at a
PEEP of 26 cm H2O, reached by all animals of this group 105
minutes after induction of lung injury. Meanwhile, mean arterial
pressure decreased from 93 (81 to 101) to 75 (69 to 83) mm
Hg. All but one animal survived the whole trial. After 21 hours,
one pig of the PCV group was euthanised because fatal
hypoxaemia was imminent. In this animal, haemodynamic
measurements and blood samples drawn for liver enzyme lev-
els in the 20th hour were used for the T24 h analysis. Electrolyte
and colloid solution administration as well as urine output were
not different between the two groups at the end of the experi-
ment. No significant auto-PEEP (maximum of 1 cm H2O) was
measured in the animals at any point during the trial.
Table 1 shows haemodynamic variables during the 24-hour
trial. Baseline values were similar in the two groups. Heart rate
was not different between the time points and groups. Mean
arterial pressure was higher in the PCV+R group at TALI
despite randomisation; this was followed by a decrease during
subsequent time points. Comparable changes in mean arterial
pressure were also observed in the PCV group but were not
significant. Central venous pressure at Tbaseline in the PCV+R
group was lower than at later measurements but was not dif-
ferent from the PCV group. Cardiac output was significantly
higher at TALI in the PCV+R group despite randomisation but
lower at T6 h than in the PCV group. In the PCV group, cardiac
output remained stable but began to decrease at T18 h; this
was significant at T24 h.
Figure 1
Mean airway pressure during the trial. After the induction of acute lung 
injury (ALI), a recruitment manoeuvre was performed in the PCV+R 
group by sustained inflation and stepwise increase of positive end-
expiratory pressure (PEEP) by 3 cm H2O every 15 minutes. Recruit-
ment was followed by stepwise reduction of PEEP according to target 
arterial oxygen tension. In the PCV group, level of PEEP remained at 5 
cm H2O. Median values of the groups are shown. PCV, pressure-con-




Group Tbaseline TALI T6 h T18 h T24 h
Heart rate (beats per minute) PCV 72 (66–85) 73 (67–76) 93 (74–110) 79 (74–87) 81 (69–90)
PCV+R 71 (60–85) 89 (73–100) 92 (77–101) 91 (78–101) 85 (66–93)
Mean arterial pressure (torr) PCV 69 (60–79) 83 (72–93) 84 (65–99) 68 (59–73) 67 (49–77)
PCV+R 72 (69–80) 93 (81–101)a,b 72 (70–73)c 61 (56–65)b-d 55 (51–59)b-d
Central venous pressure (torr) PCV 7 (6–7) 7 (6–7) 7 (5–9) 7 (6–8) 8 (7–9)
PCV+R 4 (3–6) 7 (6–9)b 8 (5–11)b 8 (7–9)b 8 (8–9)b
Cardiac output (litres per minute) PCV 4 (3.7–4.9) 4.8 (4.7–5) 5.1 (4.5–5.7) 3.9 (3.5–4.6) 3 (2.8–3.7)c,d
PCV+R 4.8 (3.7–6.5) 6.8 (5.4–8.1)a,b 4 (3.6–4.2)a,c 3.8 (3.5–4.7)c 3.9 (3.3–4.3)c
Data are presented as the median (interquartile range). aMann-Whitney rank sum test: p < 0.05 versus PCV. b-dFriedman repeated measures 
analysis of variance on ranks with all pairwise multiple comparison procedures (Student-Newman-Keuls method): bversus Tbaseline, cversus TALI, 
dversus T6 h (p < 0.05). PCV, pressure-controlled ventilation; PCV+R, pressure-controlled ventilation with recruitment manoeuvre; T6 h, time point 
6 hours after randomisation; T18 h, time point 18 hours after randomisation; T24 h, time point 24 hours after randomisation; TALI, time point after lung 
injury; Tbaseline, baseline time point.Page 4 of 10
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FiO2 index was comparable in the two groups after the induc-
tion of lung injury at TALI. After randomisation, the PaO2/FiO2
index was improved in the PCV+R group more than fourfold
and remained constant during the trial. The difference from the
PCV group was significant at T6 h. In the PCV group, the oxy-
genation did improve in a number of animals, but there was no
significant increase over time. Hypercapnia developed in both
study groups during the induction of lung injury and became
worse in the PCV group until T6 h. A statistically significant dif-
ference in PaCO2 was present at the end of the experiment at
T24 h.
Serum enzymes (Table 3) showed a more than fivefold and
Table 2
Gas exchange
Group Tbaseline TALI T6 h T18 h T24 h
PaO2/FiO2 (torr) PCV 592 (572–603) 70 (59–71)a 62 (50–217)a 120 (69–315)a 208 (78–340)a
PCV+R 554 (519–569)b 56 (52–63)a 260 (245–278)a-c 240 (227–265)a,c 250 (244–269)a,c
PaCO2 (torr) PCV 39 (35–46) 49 (41–58)a 62 (56–68)a,c 61 (50–64)a,c 64 (57–67)a,c
PCV+R 39 (37–42) 55 (50–71)a 54 (40–64)a 47 (44–62)a 48 (45–54)a,b
Data are presented as the median (interquartile range). aFriedman repeated measures analysis of variance on ranks with all pairwise multiple 
comparison procedures (Student-Newman-Keuls method): versus Tbaseline (p < 0.05). bMann-Whitney rank sum test: p < 0.05 versus PCV. 
cFriedman repeated measures analysis of variance on ranks with all pairwise multiple comparison procedures (Student-Newman-Keuls method): 
versus TALI (p < 0.05). FiO2, inspiratory fraction of oxygen; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension; PCV, pressure-
controlled ventilation; PCV+R, pressure-controlled ventilation with recruitment manoeuvre; T6 h, time point 6 hours after randomisation; T18 h, time 
point 18 hours after randomisation; T24 h, time point 24 hours after randomisation; TALI, time point after lung injury; Tbaseline, baseline time point.
Table 3
Liver serum markers
Group Tbaseline TALI T6 h T18 h T24 h
AST, U/l PCV 26 (24–30) 29 (27–32)a 50 (42–58)a,b 81 (69–155)a-c 150 (103–191)a-d
PCV+R 31 (25–38) 29 (28–37) 126 (64–231)a,b 138 (105–197)a,b 262 (230–364)a-e
ALT, U/l PCV 31.2 (24.8–35.5) 28.1 (25.4–29.9)a 26 (25.1–28.7)a 25.6 (20.2–31.6)a 23.5 (20.1–30)a
PCV+R 39.3 (36–44.7) 36.3 (31.5–41) 37.6 (34.6–40.7)e 32.5 (30.5–36.8) 37.3 (33.8–37.8)
GGT, U/l PCV 42.5 (37.6–43.2) 35.7 (32.9–38.6)a 37.6 (31.9–40.6)a 36.5 (31–38.4)a 34.3 (29.1–34.7)a
PCV+R 37.8 (34.3–42.7) 38.5 (30–41.6) 34.6 (28.4–38.2)a,b 33.6 (27.8–36.6)a,b 33.3 (27–35.6)a,b
LDH, U/l PCV 544 (482–585) 498 (442–545) 550 (492–606)a,b 587 (565–814)a,b 647 (580–921)a,b
PCV+R 607 (437–716) 565 (474–799) 677 (645–1,039)a,b 1,012 (653–1,689)a-c 1,262 (872–2,082)a-e
AP, U/l PCV 99 (71–122) 91 (64–123)a 92 (70–113)a 93 (65–106)a 84 (60–110)a-d
PCV+R 82 (79–94) 78 (76–89) 88 (82–98) 87 (82–93) 86 (78–90)
ChE, U/l PCV 356 (339–471) 357 (307–422) 387 (315–433) 363 (323–403) 318 (297–417)
PCV+R 431 (359–461) 381 (353–437)a 413 (333–425)a 358 (339–429)a 368 (339–423)a
TotBili, μmol/l PCV 3.4 (3.0–5.1) 1.7 (1.7–2.1) 2.6 (1.7–3.4) 3.4 (1.7–5.1) 3.4 (1.7–3.8)
PCV+R 4.3 (3.4–7.3) 3.4 (3.0–4.3)a 6.8 (6.0–9.0)a,b,e 6.8 (4.7–7.3)a,b 8.6 (6.4–9.4)a,b,e
DirBili, μmol/l PCV 0.8 (0.5–0.9) 0.3 (0.2–0.5) 0.4 (0.3–0.7) 0.6 (0.3–1.0) 0.6 (0.3–1.0)
PCV+R 0.7 (0.5–0.9) 0.7 (0.5–1.1)e 1.4 (0.6–1.8)e 1.6 (1.3–1.8)e 2.2 (1.7–2.3)e
Lactate, mmol/l PCV 4.2 (2.9–10.4) 1 (1–1.6)a 0.7 (0.7–0.9)a,b 0.7 (0.7–0.8)a,b 0.7 (0.5–0.9)a,b
PCV+R 4 (3.2–6.8) 0.9 (0.8–1.1)a 1.3 (1.2–2.1)a,b,e 0.9 (0.8–1)a,c 1 (0.9–1.2)a,c,e
Data are presented as the median (interquartile range). a-dFriedman repeated measures analysis of variance on rank with all pairwise multiple 
comparison procedures (Student-Newman-Keuls method). aversus Tbaseline, bversus TALI, cversus T6 h, dversus T18 h (p < 0.05). eMann-Whitney rank 
sum test: p < 0.05 versus PCV. ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; ChE, cholinesterase; 
DirBili, direct bilirubin GGT, γ-glutamyltransferase; LDH, lactate dehydrogenase; PCV, pressure-controlled ventilation; PCV+R, pressure-
controlled ventilation with recruitment manoeuvre; T6 h, time point 6 hours after randomisation; T18 h, time point 18 hours after randomisation; T24 h, 
time point 24 hours after randomisation; TALI, time point after lung injury; Tbaseline, baseline time point; TotBili, total bilirubin.Page 5 of 10
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TALI in the PCV and PCV+R groups, respectively. Similarly,
LDH increased more markedly during the trial after TALI in the
PCV+R group and reached twice the values of the PCV
group. In contrast, the liver-specific enzymes ALT and GGT
were not elevated compared to baseline values, nor were AP
values. Liver synthesis, measured by ChE, remained stable
after TALI. Bilirubin levels were low, but it has to be mentioned
that in the PCV+R group bilirubin levels increased after TALI
and were twice those of the PCV group. These changes in
total bilirubin were attributable to direct bilirubin. Elevated lac-
tate levels were noticeable at baseline and slightly higher in
the PCV+R group after TALI.
Degradation of ICG, shown as plasma disappearance rate,
was moderately increased at all time points compared to base-
line; this increase was not statistically significant if the blood
clearance of ICG was evaluated (Table 4). There was no
impairment of ICG metabolisation after TALI. HA (Figure 2)
showed an accumulation after TALI in the PCV+R group, and
median serum levels increased from 42 (interquartile range 37
to 46) to 75 (66 to 84) ng/ml until the end of the experiment,
whereas the concentrations in the PCV group remained sta-
ble. There was no correlation between the plasma disappear-
ance rate or blood clearance of ICG and the serum levels of
HA at any examined time point (data not shown).
Histological examination of the liver (Figure 3) showed no obvi-
ous differences in necrosis, haemorrhage, or portal inflamma-
tion, but the grading of sinusoidal inflammation was
moderately higher in the PCV+R group (p = 0.01), with a
median grade (interquartile range) of 1.5 (1.4 to 1.5) com-
pared to 0.9 (0.7 to 1.1) in the PCV group. There was a good
correlation of the histological evaluation of both investigators
(r = 0.88; p < 0.001) for all four parameters together. To quan-
tify the inflammatory reaction within the sinusoidal area of the
liver, polymorphonuclear neutrophils and lymphocytes were
counted. The median number of neutrophils in 10 hpf was
higher in PCV+R animals: 27 (14.5 to 36.5) versus 9 (6.5 to
10) (p < 0.001) in the PCV group. In addition, more lym-
phocytes were found in the PCV+R group: 27.5 (23.5 to 33.5)
versus 10.5 (9.5 to 11.5) (p = 0.003) in the PCV group. Figure
4 illustrates the findings in the liver sinusoids.
Discussion
This study examined liver injury dependent on two different
ventilatory approaches. One strategy used low PEEP levels
throughout; the other used a recruitment manoeuvre with high
PEEP levels in the beginning, followed by adaptation of PEEP
to avoid hypoxaemia. We found a more prominent inflamma-
tory reaction in the liver sinusoids of animals with recruitment
during the trial. Accordingly, hyaluronan levels and other serum
markers of liver injury (LDH, AST, lactate, and so on) were
increased in this group. Recruitment was associated with liver
damage connected with inflammation. Elevated serum levels
of HA may indicate impaired uptake by damage to the
Table 4
Metabolisation of indocyanine green
Group Tbaseline TALI T6 h T18 h
PDR (%/minute) PCV 9.7 (9.1–10.3) 11.3 (10.7–11.6)a 16.9 (13.2–18.2)a,b 14.7 (13.3–16.1)a,b
PCV+R 11.8 (10.6–12.9) 14.4 (12.5–17.4)a,c 15.4 (12.1–17.1)a 18.3 (13.6–20.7)a
CB (ml/minute) PCV 322 (283–365) 421 (393–455) 512 (406–567) 477 (458–496)
PCV+R 477 (419–540)c 536 (456–664) 489 (461–510) 550 (469–625)
Data are presented as the median (interquartile range). a,bFriedman repeated measures analysis of variance on rank with all pairwise multiple 
comparison procedures (Student-Newman-Keuls method): aversus Tbaseline, bversus TALI (p < 0.05). cMann-Whitney rank sum test: p < 0.05 versus 
PCV+R. CB, blood clearance of indocyanine green; PCV, pressure-controlled ventilation; PCV+R, pressure-controlled ventilation with recruitment 
manoeuvre; PDR, plasma disappearance rate of indocyanine green; T6 h, time point 6 hours after randomisation; T18 h, time point 18 hours after 
randomisation; TALI, time point after lung injury; Tbaseline, baseline time point.
Figure 2
Hyaluronic acid serum concentration. Data are presented as the 
median with 25% to 75% interquartile range. Mann-Whitney rank sum 
test: #, p < 0.05 versus PCV+R. Friedman repeated measures analysis 
of variance on ranks with all pairwise multiple comparison procedures 
(Student-Newman-Keuls method): §, versus Tbaseline; *, versus TALI; &, 
versus six hours (p < 0.05). PCV, pressure-controlled ventilation; 
PCV+R, pressure-controlled ventilation with recruitment manoeuvre; T6 
h, time point 6 hours after randomisation; T18 h, time point 18 hours after 
randomisation; TALI, time point after lung injury; Tbaseline, baseline time 
point.Page 6 of 10
(page number not for citation purposes)
Available online http://ccforum.com/content/11/1/R13endothelium of the liver sinusoids or increased release
because of degradation of matrix hyaluronan in the liver.
To our knowledge, this is the first study to examine liver pathol-
ogy dependent on airway pressures. Valenza and colleagues
[16] tested the influence of different tidal volumes with a con-
stant mean airway pressure on the pathology of rat liver. They
found a trend toward more sinusoidal oedema without inflam-
matory changes. A similar ventilation protocol was used by
Imai and colleagues [3] to study apoptosis in lung, kidney,
small intestine, and liver in rabbits. The injurious ventilation,
consisting of high tidal volumes and low PEEP, led to more
apoptotic cells in the kidney and small intestine and less
apoptotic cells in the lung; no increased apoptosis of liver cells
in either group was detected [3].
A number of animal studies have shown that the application of
increasing levels of PEEP reduces hepatic arterial and portal
venous blood flow in proportion to the decrease in cardiac
output [17,18]. The reduction of hepatic blood flow, at least up
to certain PEEP levels, can be reversed by volume replace-
ment restoring cardiac output [5]. In the present study, extra
colloid solution was administered before recruitment, but
finally colloid volume was not different in the two groups. Car-
diac output was not a controlled factor and was depressed at
higher PEEP levels during the PEEP trial but was comparable
between the two groups afterward. Thus, liver perfusion was
presumably decreased during recruitment.
Sha and colleagues [18] showed that intrahepatic oxygen
delivery was impaired more than expected by applying a PEEP
of 20 cm H2O than by reduced hepatic blood flow alone
because portal venous oxygen content was already
decreased. Nevertheless, hepatic oxygen consumption was
not significantly diminished due to increased hepatic oxygen
extraction. In our study, hepatic blood flow and hepatic venous
oxygen content were not measured, but even higher levels of
PEEP were applied in animals already having a disturbed gas
exchange after induction of lung failure. Therefore, the ability
of the liver to compensate oxygen demand by a higher extrac-
tion ratio may have been exhausted. Beyer and colleagues
[19] measured a decreased liver tissue PaO2 with 20 cm H2O
of PEEP. Thus, in our experiment, a deficiency in oxygen sup-
ply may account for the histopathologic findings in the centro-
lobular region of the liver receiving the least oxygenated blood.
An additional pathogenic factor could be increased sinusoidal
pressures given that liver congestion can already be found in
animals treated with a PEEP of 10 cm H2O [17], most proba-
bly induced by elevation of the hepatic venous pressure. Only
a single sample of liver tissue was taken in our experiment. This
was from the ventral part of the liver. Eventually, samples from
dorsal parts of the liver which are exposed to higher hydro-
static pressures might exhibit different and even more promi-
nent damage. However, the influences of the different macro-
haemodynamic forces like hepatic arterial and portal venous
flow on the hepatic microcirculation and concomitantly on
hepatic injury in the context of mechanical ventilation in our
model were not the focus of this study and await further
investigation.
Besides direct effects of ventilation on the liver, prolonged
recruitment may liberate mediators, causing endothelial dam-
age in the liver sinusoidal cells, or may lead to inflammatory cell
activation. Imai and colleagues [3] postulated such remote
organ injury by serum factors given that plasma from rabbits
treated with an injurious ventilation method induced more in
vitro apoptosis in cultured renal proximal tubular cells.
The findings in liver histopathology were accompanied by an
increase of HA levels in the PCV+R group only. Similarly,
bilirubin was slightly elevated in this group. Serum AST and
LDH increased in both groups, but this was more marked in
the group with recruitment manoeuvre. AST is highly concen-
trated in liver cells and is elevated in hepatobiliary diseases but
is not specific [20]. Centrolobular damage found in the histo-
logic examination can also be found in toxic and ischaemic
hepatitis, which is more relevant for our model. Accordingly,
elevations of AST are found in ischaemic hepatitis [21], but
here ALT is also elevated, and furthermore no relevant necro-
sis was present in our liver samples. Another possibility is an
impaired clearance of AST liberated elsewhere given that AST
is endocytosed by liver sinusoidal cells [22].
Figure 3
Histologic injury score of liver tissue. Scores were calculated as fol-
lows: injury not present (grade 0), less than or equal to 20% of the lob-
ulus (grade 1), more than 20% to less than or equal to 50% (grade 2), 
or more than 50% (grade 3). The mean score for every animal was cal-
culated out of 10 evaluations. Data are presented as the median with 
25% to 75% interquartile range. Mann-Whitney rank sum test: #, p < 
0.05 versus PCV+R (p < 0.05). H, haemorrhage; N, necrosis; PCV, 
pressure-controlled ventilation; PCV+R, pressure-controlled ventilation 
with recruitment manoeuvre; Sept. I., septal inflammation; Sinus. I., 
sinusoidal inflammation.Page 7 of 10
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ues after induction of lung injury paralleled by cardiac output
but was not reduced after induction of lung injury at the
chosen points of measurement. Measurement of ICG clear-
ance is mainly influenced by liver blood flow, because in doses
up to 0.5 mg/kg hepatic extraction rate is high in the absence
of severe liver damage. Therefore, Bonnet and colleagues [23]
used the ICG clearance method for the determination of
hepatic blood flow during application of PEEP in patients while
they presumed a constant fraction of ICG absorbed by the
liver dependent on hepatic blood flow. They found a reduction
of hepatic blood flow by PEEP which correlated with cardiac
output. However, it is understandable that ICG clearance was
not different between the two groups after recruitment given
that cardiac output was similar and that liver damage did not
involve the hepatocytes, which take up the dye and excrete it
into the bile [24].
Liver extraction of HA was improved in pigs one hour after
reperfusion following liver transplantation if S-adenosyl-l-
methionine, a protective agent against ischaemia-reperfusion
injury, was administered [25]. Accordingly, sinusoidal conges-
tion and dilatation, centrilobular necrosis, endotheliitis, and
sinusoidal infiltration by polymorphonuclear cells and lym-
phocytes were mitigated. HA uptake is impaired by decreased
liver blood flow to a certain extent. In our experiments, liver
blood flow was not measured, but the kinetics of HA over time
makes such an influence unlikely. HA levels increased over
time in one group, whereas the difference in mean airway pres-
sures possibly impairing liver blood flow became smaller until
the end of the experiment. Accordingly, differences in cardiac
output between the two groups were no longer significant at
T18 h. We presume that sinusoidal endothelial cell damage is
induced during the recruitment manoeuvre, but cell function
worsened during the following ventilation period.
HA and HA degradation products themselves are thought to
positively contribute to innate immunity as well as to acute
inflammation via different receptor interactions (CD44, toll-like
receptors) in macrophages during acute lung injury [10,11].
Proinflammatory stimuli upregulate HA expression on endothe-
lial cells [26]. Endothelial cells mediate neutrophil [27] and
lymphocyte [28] adhesion and transendothelial emigration via
a CD44/HA interaction. Therefore, increased production of
hyaluronan in the liver or other organs besides decreased
clearance could be another explanation for elevated serum
hyaluronan. Hallgren and colleagues [29] detected approxi-
mately 30-fold higher levels of serum HA in patients with
ARDS for extrapulmonary causes compared to patients before
minor surgery with general anaesthesia. Here, concentrations
of HA in bronchoalveolar lavage fluid were also elevated and
were related to the severity of the disease, but differences
from control patients were not so pronounced compared with
serum results. Nevertheless, bronchoalveolar lavage concen-
Figure 4
Accumulation of inflammatory cells in liver sinusoids. Representative centrolobular parts of liver tissue sections stained with haematoxylin and eosin 
are shown as low-power fields (a,b) and high-power fields (c,d) of the same area (optical magnification of microscope × 10 and × 40). (a,c) Animal 
from the PCV group. Few inflammatory cells are shown. (b,d) Animal from the PCV+R group. Infiltration of polymorphonuclear neutrophils and lym-
phocytes in the sinusoidal area of the liver is shown. PCV, pressure-controlled ventilation; PCV+R, pressure-controlled ventilation with recruitment 
manoeuvre.Page 8 of 10
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concluded that blood HA was not the source of lung HA. How-
ever, all animals in our experiment had lavage-induced ARDS,
but serum HA remained stable at low baseline levels during
the ventilation in the PCV group. Histologic examination of the
lung damage score was not different between the two groups
in our experiment (data not shown). Nevertheless, it has to be
recognised that our results may not be transferable to ARDS
with a different pathogenesis. The purpose of this study was
to examine liver injury occurring with different ventilation strat-
egies in lavage-induced ARDS. Values of different markers,
including HA serum levels, were examined to detect liver dys-
function in this setting. We have been able to show that HA
serum levels as well as AST, LDH, and bilirubin were in con-
cordance with the detected histological results. However, the
pathophysiological role of HA and its degradation products in
our model have to be further investigated.
Conclusion
The animal group treated with lung recruitment showed an
accumulation of neutrophils and lymphocytes in the sinusoidal
area of the liver. This group had increased serum liver enzyme
and HA concentrations six hours after recruitment, whereas
animals without recruitment showed no changes in their liver
enzyme and HA levels until the last measurement at 18 hours.
Because the endothelial cells in the sinusoidal part of the liver
(which showed the inflammatory reaction) degrade HA, we
strongly presume that the two events are linked. Therefore,
elevated levels of HA may be an early indicator for the detec-
tion of liver damage elicited by ventilation strategies with
recruitment manoeuvres and sustained inflation in acute lung
injury. Whether the liver damage is a consequence of changes
in liver perfusion or remote effects of lung recruitment has to
be addressed in further trials.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
MK collected data and did histological examinations, analysed
the data, drafted the manuscript, and performed the statistical
analysis. RMM designed the study and collected data. RWB
and JB drafted the manuscript and participated in the design
of the study. H-HW collected data. NR participated in the
design of the study. CW performed HA assays and histologi-
cal examinations and helped interpret the results and write the
manuscript. All authors read and approved the final
manuscript.
Acknowledgements
The authors thank Bernd Zollhöfer for collection of data, Alois Reichert 
for technical support, Brigitte Paul and Jürgen Schöll for logistics, and 
Karin Ulrichs for organisational support. MK and RMM contributed 
equally to the manuscript.
References
1. Stapleton RD, Wang BM, Hudson LD, Rubenfeld GD, Caldwell
ES, Steinberg KP: Causes and timing of death in patients with
ARDS.  Chest 2005, 128:525-532.
2. Ventilation with lower tidal volumes as compared with tradi-
tional tidal volumes for acute lung injury and the acute respi-
ratory distress syndrome. The Acute Respiratory Distress
Syndrome Network.  N Engl J Med 2000, 342:1301-1308.
3. Imai Y, Parodo J, Kajikawa O, de Perrot M, Fischer S, Edwards V,
Cutz E, Liu M, Keshavjee S, Martin TR, et al.: Injurious mechani-
cal ventilation and end-organ epithelial cell apoptosis and
organ dysfunction in an experimental model of acute respira-
tory distress syndrome.  JAMA 2003, 289:2104-2112.
4. Brower RG, Lanken PN, MacIntyre N, Matthay MA, Morris A,
Ancukiewicz M, Schoenfeld D, Thompson BT: Higher versus
lower positive end-expiratory pressures in patients with the
acute respiratory distress syndrome.  N Engl J Med 2004,
351:327-336.
5. Matuschak GM, Pinsky MR, Rogers RM: Effects of positive end-
expiratory pressure on hepatic blood flow and performance.  J
Appl Physiol 1987, 62:1377-1383.
6. Berendes E, Lippert G, Loick HM, Brussel T: Effects of positive
end-expiratory pressure ventilation on splanchnic oxygenation
in humans.  J Cardiothorac Vasc Anesth 1996, 10:598-602.
7. Bramley PN, Rathbone BJ, Forbes MA, Cooper EH, Losowsky MS:
Serum hyaluronate as a marker of hepatic derangement in
acute liver damage.  J Hepatol 1991, 13:8-13.
8. Nyberg A, Engstrom-Laurent A, Loof L: Serum hyaluronate in pri-
mary biliary cirrhosis – a biochemical marker for progressive
liver damage.  Hepatology 1988, 8:142-146.
9. Fraser JR, Laurent TC, Laurent UB: Hyaluronan: its nature, distri-
bution, functions and turnover.  J Intern Med 1997, 242:27-33.
10. Termeer C, Benedix F, Sleeman J, Fieber C, Voith U, Ahrens T,
Miyake K, Freudenberg M, Galanos C, Simon JC: Oligosaccha-
rides of Hyaluronan activate dendritic cells via toll-like recep-
tor 4.  J Exp Med 2002, 195:99-111.
11. Jiang D, Liang J, Fan J, Yu S, Chen S, Luo Y, Prestwich GD, Mas-
carenhas MM, Garg HG, Quinn DA, et al.: Regulation of lung
injury and repair by Toll-like receptors and hyaluronan.  Nat
Med 2005, 11:1173-1179.
12. Turino GM, Cantor JO: Hyaluronan in respiratory injury and
repair.  Am J Respir Crit Care Med 2003, 167:1169-1175.
13. McGary CT, Raja RH, Weigel PH: Endocytosis of hyaluronic
acid by rat liver endothelial cells. Evidence for receptor
recycling.  Biochem J 1989, 257:875-884.
14. Elvevold KH, Nedredal GI, Revhaug A, Smedsrod B: Scavenger
properties of cultivated pig liver endothelial cells.  Comp
Hepatol 2004, 3:4.
15. Dorman RB, Wunder C, Saba H, Shoemaker JL, MacMillan-Crow
LA, Brock RW: NAD(P)H oxidase contributes to the progres-
sion of remote hepatic parenchymal injury and endothelial
dysfunction, but not microvascular perfusion deficits.  Am J
Physiol Gastrointest Liver Physiol 2006, 290:G1025-1032.
Key messages
• The treatment of experimental ARDS with pronounced 
high-pressure ventilation implicated liver inflammation, 
but plasma disappearance rate of ICG indicated no 
impaired liver function.
• Animals treated with PCV exhibited significantly less 
inflammatory cells in liver sinusoids than animals treated 
with PCV and a recruitment manoeuvre (PCV+R).
• HA and liver enzyme levels in the PCV+R group were 
significantly higher than in the PCV group.
• Elevated levels of HA can be an early indicator for the 
detection of liver damage in experimental ARDS.Page 9 of 10
(page number not for citation purposes)
Critical Care    Vol 11 No 1    Kredel et al.16. Valenza F, Sibilla S, Porro GA, Brambilla A, Tredici S, Nicolini G,
Miloso M, Tredici G, Gattinoni L: An improved in vivo rat model
for the study of mechanical ventilatory support effects on
organs distal to the lung.  Crit Care Med 2000, 28:3697-3704.
17. Fujita Y: Effects of PEEP on splanchnic hemodynamics and
blood volume.  Acta Anaesthesiol Scand 1993, 37:427-431.
18. Sha M, Saito Y, Yokoyama K, Sawa T, Amaha K: Effects of con-
tinuous positive-pressure ventilation on hepatic blood flow
and intrahepatic oxygen delivery in dogs.  Crit Care Med 1987,
15:1040-1043.
19. Beyer J, Beckenlechner P, Messmer K: The influence of PEEP
ventilation on organ blood flow and peripheral oxygen
delivery.  Intensive Care Med 1982, 8:75-80.
20. Whitehead MW, Hawkes ND, Hainsworth I, Kingham JG: A pro-
spective study of the causes of notably raised aspartate ami-
notransferase of liver origin.  Gut 1999, 45:129-133.
21. Seeto RK, Fenn B, Rockey DC: Ischemic hepatitis: clinical pres-
entation and pathogenesis.  Am J Med 2000, 109:109-113.
22. Kamimoto Y, Horiuchi S, Tanase S, Morino Y: Plasma clearance
of intravenously injected aspartate aminotransferase iso-
zymes: evidence for preferential uptake by sinusoidal liver
cells.  Hepatology 1985, 5:367-375.
23. Bonnet F, Richard C, Glaser P, Lafay M, Guesde R: Changes in
hepatic flow induced by continuous positive pressure ventila-
tion in critically ill patients.  Crit Care Med 1982, 10:703-705.
24. Sato T, Kurokawa T, Kusano T, Kato T, Yasui O, Asanuma Y,
Koyama K: Uptake of indocyanine green by hepatocytes under
inflow occlusion of the liver.  J Surg Res 2002, 105:81-85.
25. Net M, Valero R, Almenara R, Deulofeu R, Lopez-Boado MA, Cap-
devila L, Barros P, Bombi JA, Agusti M, Adalia R, et al.: Hepatic
preconditioning after prolonged warm ischemia by means of
S-adenosyl-L-methionine administration in pig liver transplan-
tation from non-heart-beating donors.  Transplantation 2003,
75:1970-1977.
26. Mohamadzadeh M, DeGrendele H, Arizpe H, Estess P, Siegelman
M: Proinflammatory stimuli regulate endothelial hyaluronan
expression and CD44/HA-dependent primary adhesion.  J Clin
Invest 1998, 101:97-108.
27. Khan AI, Kerfoot SM, Heit B, Liu L, Andonegui G, Ruffell B, John-
son P, Kubes P: Role of CD44 and hyaluronan in neutrophil
recruitment.  J Immunol 2004, 173:7594-7601.
28. Siegelman MH, Stanescu D, Estess P: The CD44-initiated path-
way of T-cell extravasation uses VLA-4 but not LFA-1 for firm
adhesion.  J Clin Invest 2000, 105:683-691.
29. Hallgren R, Samuelsson T, Laurent TC, Modig J: Accumulation of
hyaluronan (hyaluronic acid) in the lung in adult respiratory
distress syndrome.  Am Rev Respir Dis 1989, 139:682-687.Page 10 of 10
(page number not for citation purposes)
